Energy storage plays a major role in solving the fluctuation and intermittence problem of wind and the effective use of wind power. The application of the hydraulic accumulator is the most efficient and convenient way to store wind energy in hydraulic wind turbines. A hydraulic energy storage generation system (HESGS) can transform hydraulic energy stored in the hydraulic accumulator into stable and constant electrical energy by controlling the variable motor, regardless of wind changes. The aim of the present study is to design a constant speed control method for the variable motor in the HESGS and investigate the influence of the controller's main parameters on the resistance of the HESGS to external load power disturbances. Mathematical equations of all components in this system are introduced and an entire system simulation model is built. A double closed-loop control method of the variable motor is presented within this paper, which keeps the motor speed constant for the fixed frequency of electrical power generated by the HESGS. Ultimately, a series of simulations with different proportional gains and integral gains under the environment of changeless load power step are conducted. At the same time, comparison analyses of the experiment and simulation under variable load power step are performed. The results verify the correctness and the usability of the simulation model, and also indicate that the proposed control method is robust to the disturbances of changing load power.
Introduction
Due to excessive exploitation and application of traditional energy sources like coal, the whole world must face up to the energy crisis and environmental pollution problems. These problems must been solved by the large-scale employment of renewable energy. With the technological progress in wind turbines in recent years, wind power generation is a good choice to fulfill the ever increasing demand of energy [1] . The global total wind power industry at the end of 2016 was 486.8 GW, representing cumulative market growth of more than 12 percent. Overall, the global wind power industry installed 54.6 GW in 2016. In China, 23,370 MW of new capacity was added to the country's electricity grid [2] .
According to the transmission system adopted by wind turbine, wind turbines are classified scientifically into traditional gear drive, direct-driven without gear box and hydrostatic transmission [3] . In a conventional wind turbine with gear drive, the gearbox is a key component of the wind energy conversion system, which has a higher failure rate and needs regular repairs [4] . Mechanical noise is emitted by the gear box due to the lack of preventative maintenance, which causes annoyances accumulator-variable motor system, which is not a typical hydraulic circuit used frequently and it lacks study [19] . Consequently, a more intensive study of the HESGS is urgently needed. In the present study, the hydraulic accumulator-controlled variable motor of the HESGS is used as study object. To confirm the availability and robustness of the constant motor speed control, a whole hydraulic system model is established and tested. Simulations and experiments under load power step conditions are completed. Section 2 details the system configuration of the HESGS and constant motor speed control scheme. The experimental test rig is described later. In Section 3, the mathematical models of all components are presented. The impacts of the proportional gain and integral gain on the robustness are simulated. A comparison of the simulation and experiment results is performed in Section 4. Finally, the conclusions are drawn in Section 5.
Constant Speed Control System and Experimental Test Rig

System Overview
The schematic diagram of the HESGS is shown in Figure 1b . The HESGS is comprised of a hydraulic accumulator, proportional control valve, relief valve, variable displacement motor and synchronous generator. The generator is connected with the variable motor through a shaft coupling. The role of the proportional valve in this system is an on-off switch of the accumulator oil flow. The relief valve controls the maximum operating pressure and protects the system against overpressure. The variable motor is a key component of the HESGS, which converts hydraulic energy into mechanical energy absorbed by the synchronous generator. The motor speed is kept at the synchronous speed of the synchronous generator relying on the constant speed control system of the HESGS, which makes the real-time regulating of the motor displacement. The performance of the constant speed control system can be easily impacted by internal and external interference. The load power change, regard as a significant external disturbance to the motor speed control system, will cause a severe fluctuation of the motor speed and the instable generating frequency. Hence it is very important whether or not the constant speed control of the HESGS is robust to varied load power.
Control Scheme
The constant speed control scheme of the HESGS considered in this research is shown in Figure  2 . The control system aims at the constant rotational speed of the motor, regardless of whether the pressure in the accumulator or load power changes. From Figure 2 , it appears that a double closed-loop control is adopted. One is the swashplate angle closed-loop control of the variable motor, which is virtually a stroke control servo system of valve-controlled cylinder. The stroke In the present study, the hydraulic accumulator-controlled variable motor of the HESGS is used as study object. To confirm the availability and robustness of the constant motor speed control, a whole hydraulic system model is established and tested. Simulations and experiments under load power step conditions are completed. Section 2 details the system configuration of the HESGS and constant motor speed control scheme. The experimental test rig is described later. In Section 3, the mathematical models of all components are presented. The impacts of the proportional gain and integral gain on the robustness are simulated. A comparison of the simulation and experiment results is performed in Section 4. Finally, the conclusions are drawn in Section 5.
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Control Scheme
The constant speed control scheme of the HESGS considered in this research is shown in Figure 2 . The control system aims at the constant rotational speed of the motor, regardless of whether the pressure in the accumulator or load power changes. From Figure 2 , it appears that a double closed-loop control is adopted. One is the swashplate angle closed-loop control of the variable motor, which is Energies 2018, 11, 1310 4 of 14 virtually a stroke control servo system of valve-controlled cylinder. The stroke closed-loop control system consists of servo valve, stroke control piston and displacement sensor. The movement process of the stroke control piston is regulated by the output flow rate and pressure of the servo valve, which is in proportion to the input signal to the servo valve. The position of the stroke control piston is detected and converted into electrical signals by the displacement sensor, which is compared with the angle reference signal of the stroke closed-loop control. The comparison result is called the position deviation, which is equal to zero when the stroke control piston arrives at the desired position. If the deviation is not zero, the motion of the stroke control piston is controlled by the servo valve towards lower deviation. Thus, the swashplate angle and the angle reference signal always are matched. A PID controller is used to improve the fast response of the displacement adjustment and ensure the positioning precision. closed-loop control system consists of servo valve, stroke control piston and displacement sensor. The movement process of the stroke control piston is regulated by the output flow rate and pressure of the servo valve, which is in proportion to the input signal to the servo valve. The position of the stroke control piston is detected and converted into electrical signals by the displacement sensor, which is compared with the angle reference signal of the stroke closed-loop control. The comparison result is called the position deviation, which is equal to zero when the stroke control piston arrives at the desired position. If the deviation is not zero, the motion of the stroke control piston is controlled by the servo valve towards lower deviation. Thus, the swashplate angle and the angle reference signal always are matched. A PID controller is used to improve the fast response of the displacement adjustment and ensure the positioning precision. The other one is the speed closed-loop control of the motor. A speed sensor plays a major role in the speed control of the motor, and its accuracy has a significant impact on the steady-state precision of the speed control system. The speed deviation, which is calculated by subtracting the actual speed measured by the speed sensor from the speed reference signal, is converted into the angle reference signal by using the integral separated PID controlled algorithm. The motor speed will decrease under the condition of a reduction in the accumulator pressure or an increase in the load power. The speed deviation will become positive and the angle reference signal will increase, which will cause an increase in the displacement of the motor. The motor will accelerate because the hydraulic torque generated by the motor is greater than the load torque caused by the generator. The speed deviation is zero when the motor speed rises to the speed reference signal, meanwhile, the angle reference signal and the displacement of the motor have no change. In this way, the motor speed is maintained at the desired speed. The motor speed will increase on the condition of an increase in the accumulator pressure or a decrease of the load power. The changing trend of the control variables is just opposite. The integral separated PID controller is applied to avoid serious speed overshoot when the motor starts.
Experimental Test Rig
The experimental test rig of the HESGS is set up, as shown in Figure 3 . A Rexroth A4V motor is adopted to transform hydraulic power stored in the hydraulic accumulator into mechanical power. The rotary speed sensor is integrated in the variable motor. Brushless excitation synchronous generator is connected with the variable motor via a flexible coupling, which converts mechanical energy from the motor into electrical energy. The electrical energy produced by the synchronous The other one is the speed closed-loop control of the motor. A speed sensor plays a major role in the speed control of the motor, and its accuracy has a significant impact on the steady-state precision of the speed control system. The speed deviation, which is calculated by subtracting the actual speed measured by the speed sensor from the speed reference signal, is converted into the angle reference signal by using the integral separated PID controlled algorithm. The motor speed will decrease under the condition of a reduction in the accumulator pressure or an increase in the load power. The speed deviation will become positive and the angle reference signal will increase, which will cause an increase in the displacement of the motor. The motor will accelerate because the hydraulic torque generated by the motor is greater than the load torque caused by the generator. The speed deviation is zero when the motor speed rises to the speed reference signal, meanwhile, the angle reference signal and the displacement of the motor have no change. In this way, the motor speed is maintained at the desired speed. The motor speed will increase on the condition of an increase in the accumulator pressure or a decrease of the load power. The changing trend of the control variables is just opposite. The integral separated PID controller is applied to avoid serious speed overshoot when the motor starts.
The experimental test rig of the HESGS is set up, as shown in Figure 3 . A Rexroth A4V motor is adopted to transform hydraulic power stored in the hydraulic accumulator into mechanical power. The rotary speed sensor is integrated in the variable motor. Brushless excitation synchronous generator is connected with the variable motor via a flexible coupling, which converts mechanical energy from the motor into electrical energy. The electrical energy produced by the synchronous generator is fed into the load bank. It is transformed into heat in the load bank and dissipated in the air. Thirty 200L bladder accumulators (Chaori company, Fenhua, China) are chosen as the hydraulic energy storage device because they have a good economy and dynamics performance. Before the experiment, the oil in tank is pumped into the hydraulic accumulator by means of the boost system. 
Mathematical Model
Before building the mathematical model of the whole system, the following assumptions are considered:
(1) The pressure loss in the pipeline and the dynamic characteristic of the pipeline are neglected for short pipeline length. 
Hydraulic Accumulator
The bladder accumulator is used in the HESGS for storing the oil from the pump, which comprises a steel shell, a rubber bladder and anti-extrusion system. The rubber bladder is filled with nitrogen gas. The working process of nitrogen gas obeys the ideal gas law: 
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Hydraulic Accumulator
The bladder accumulator is used in the HESGS for storing the oil from the pump, which comprises a steel shell, a rubber bladder and anti-extrusion system. The rubber bladder is filled with nitrogen gas. The working process of nitrogen gas obeys the ideal gas law:
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where P 0 and V 0 are the gas pre-charge pressure and the accumulator volume. P a and V a represent the pressure and volume of gas in the process of compression. Q a is the accumulator charge or discharge flow. n is the polytropic index, which is 1 for an isothermal process and 1.4 for an adiabatic process.
Proportional Valve
The proportional valve has been widely used in hydraulic system for the perfect control characteristic. The output flow of proportional valve is proportional to the input current signal. The corresponding equations are as follows:
where Q pv is the flow through the proportional valve. P pvin and P pvout represent the inlet and outlet pressure of the proportional valve. C d is the flow coefficient. A max is the maximum opening area. A is the actual opening area and is proportional to the input current I pv . The proportional valve is set to control the charge and discharge flow of the accumulator. The accumulator is closed when the input current I pv is zero.
Relief Valve
The relief valve plays an important role in securing the hydraulic system. Its functions can mainly be divided into two types: (1) adjusting and limiting the maximum system pressure; (2) keeping the system pressure constant:
where P rvin and P rvout are the inlet pressure and outlet pressure of the relief valve, respectively. Q rv represents the overflow flow through a relief valve, which is computed by Equation (6) . P op is the cracking pressure and K rv is the pressure-flow coefficient. When the difference between P rvin and P rvout is greater than P op , the valve core in the relief valve moves away from the valve seat, the oil overflows into the tank through the orifice formed by the valve core and valve seat.
Variable Motor
The stroke closed-loop control system of the variable motor is a small and typical electro-hydraulic position servo system of a valve-controlled cylinder, so a first-order model can be used to describe the dynamic characteristics of the variable mechanism [20, 21] :
where D m is the displacement of the variable motor. U m is the control signal to the servo controller. K m is the motor stroke-control gain and T m is the time constant of the stroke-control. According to the continuity equation, the flow equation for the pipeline can be written as:
where Q m is the motor flow. V is the total volume under compression, including the oil in the high-pressure pipeline, the accumulator and the variable motor. β is the effective bulk modulus of hydraulic oil. P 1 and P 2 represent the inlet pressure and outlet pressure of the motor:
where ω m is the rotational speed of the motor. C im and C em represent the internal and the external leakage coefficients of the motor respectively. The dynamic equation of the load inertia for the motion is established as follows using Newton's second law:
where J t is the total inertia of the rotor in the variable motor and the generator. B v is the coefficient of viscous friction of the rotor. T f is the Coulomb friction torque and T d is the external torque for electric power generation. T d is the disturbance to the entire system because it varies with load power.
Synchronous Generator
The synchronous generator model is obtained based on Park transformation [22] . Voltage balance equations of the rotor and stator in dq0 coordinates are derived according to the generalized Ohm's law:
where U sd and U sq are the stator voltage on the Park's d axis and Park's q axis. ψ sd and ψ sq are the flux linkage of the stator windings. i sd and i sq are the stator current on the Park's d axis and Park's q axis and R a is the stator winding resistance. ψ dd and ψ dq are the flux linkage of the damper windings. i dd and i dq are the stator current through the damper windings. R dd and R dq are the damper winding's resistance. The expression of the winding flux linkage equation is established below. The electromagnetic torque Γ is given by Equation (20): 
Speed Sensor
A rotational speed sensor plays an important role in the speed control, which converts the motor speed into the electrical signal:
U ss = ω m K ss (21) where U ss is the corresponding voltage value. K ss is the gain coefficient of the rotational speed sensor.
Load Bank
The load bank is essentially a variable electrical resistance. The relationship among the voltage U l , the resistance R l and the current I l is as follows:
Simulation and Experiment Study
Simulations of the Robustness on Constant Load Power Step
The simulation model of the HESGS is constructed under the MATLAB/SIMULINK environment (version 6.5, MathWorks Company, Natick, MA, USA). The simulation studies are carried out to validate the effectiveness of the constant speed control and evaluate the influence of the proportional gain and integral gain of the integral separated PID controller on the robustness of the proposed control scheme. The main parameters of the simulation model are shown in Table 1 . In this section, a step change in the load power (from 0 kW to 35 kW) is used as an external torque disturbance to the HESGS, as shown in Figure 4 . The load power mutation occurs at 15 s. The responses to load power step subsequently are shown, which will give the torque disturbance rejection performance of the constant motor speed control when the load power suddenly increases. Figure 5 shows that the smaller the proportional gain is, the slower the motor displacement change is. From Figures 5 and 6 , it is shown that the maximum speed deviation of the motor will decrease with the increase of the proportional gain. The speed deviation is 2.25 rpm when the proportional gain is 0.05. It is the slowest in the change of the motor displacement. Meanwhile, the motor speed overshoots the speed command 1500 rpm on account of the slow adjusting of the motor displacement. When the proportional gain is equal to 0.5, the minimum speed deviation is nearly 0.75 rpm. However oscillation occurs at the motor displacement. The motor speed oscillates as a result of fluctuating motor displacement.
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Experiments of the Robustness on Varied Load Power Step
In the course of the work of a hydraulic wind turbine with hydraulic accumulator, wind energy captured by wind turbine under turbulence inflow is entirely stored in the hydraulic accumulator of the HESGS. The HESGS produces electrical energy by converting the hydraulic energy stored in the hydraulic accumulator. The wind energy storage process and the power generation process of the HESGS are independent processes. Accordingly, the power generation process of the HESGS is not affected by the stochastic nature of the wind turbulence and it is mainly influenced by the load power variability because of the frequent change of electric power consumption. The experiments are achieved not only to verify the simulation results discussed in the Section 4.1, but also to study the robustness of the constant motor speed control on varied load power disturbance.
The motor speed command in these experiments is set to 1300 in order to ensure the experiment safety. The proportional gain and integral gain have the same value 0.1. The load power is easily changed by varying the control signal of the load bank. The variations of load power step are 8 kW, 10 kW and 15 kW. The load power rises in the first half of the experiment and decreases in the latter part. Simulation and experiment results of the active power output by the synchronous generator are shown in Figure 11 . 
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Conclusions
Aiming to eliminate the fluctuation and intermittence of wind power, the hydraulic accumulator is used to store wind energy captured by a wind turbine. With light wind or no wind, electric energy is produced by the synchronous generator via the HESGS. The HESGS works on the strong external torque disturbance for the variety of load power and therefore it is essential to study the robustness of the constant speed control system to load power disturbance. This paper deduces the mathematical expression of all the components and constructs the whole system model based on MATLAB. A double closed-loop control scheme is employed to meet the need for a constant motor speed regardless of the change of load power. The influences of the proportional gain and integral gain to the robustness of the constant speed control system under constant load power step are simulated. To test the simulation model and discuss the robustness under the condition of variable load power, the comparative investigations of the simulation and experiment are implemented under the same conditions. Under the condition of constant 35 kW load power step, the speed deviation diminishes from 2.25 to 0.75 rpm, as the proportional gain range is between 0.05 and 0.5. Similarly, the recovery time of the motor speed will decrease as the integral gain raises. When the integral gain is equal to one, the recovery time reaches its minimum 0.4 sec. The results show the proposed control approach has good performance and strong robustness, which can get rapidly back to the original speed and realizes zero steady-state error for load power step. It should be emphasized that load power step cannot be too high. There is a big swing of the motor speed on account of large load power variety, which can give rise to the generating frequency instability. 
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